. This tissue extracts were blocked by a neutralizing panfactor acts at a posttranslational level on preexisting K Ca TGF␤ antiserum but not by specific TGF␤2 or TGF␤3 channels encoded at least in part by the slowpoke (slo) antisera. Intraocular injection of TGF␤1 caused robust gene. The purpose of the present study was to identify stimulation of K Ca , whereas intraocular injection of the K Ca stimulatory factor in iris extracts and to determine pan-TGF␤ antiserum inhibited expression of K Ca in CG whether this factor regulates K Ca expression in CG neuneurons developing in vivo. The effects of TGF␤1 were rons developing in vivo. We now show that this factor potentiated by ␤-neuregulin-1, a differentiation factor is an avian isoform of TGF␤ and that it is essential for expressed in preganglionic neurons. , 1996). A clue to it is important to examine the factors that regulate the the identity of the active factor emerged from the obserexpression of these channels during embryonic develvation that K Ca stimulatory activity was enhanced in iris opment. extracts previously exposed to acidic (pH 3.0 for 1 hr) The developmental expression of macroscopic K Ca or alkaline (pH 8.0 for 2 hr) conditions prior to application of chick ciliary ganglion (CG) neurons is regulated by to cultured cells (data not shown). These observations cell-cell interactions. This current is first detectable at suggested that the K Ca stimulatory factor in the iris is embryonic day 8-9 (E8-E9) and reaches maximum curexpressed in a latent form that can be activated by rent density by E13 (Dourado and Dryer, 1992), coincidextremes of pH. 
2؉
-activated K ؉ chanThese results indicate that interactions with other cells, nels (K Ca ) in developing chick ciliary ganglion (CG) including the target tissues, are necessary for the exneurons requires interactions with target tissues and pression of normal macroscopic K Ca . preganglionic innervation. Here, we show that the stimuWe have previously shown that a soluble factor preslatory effects of target tissues are mediated by an ent in aqueous extracts of the E9-E17 chick iris, a normal isoform of TGF␤. Exposure of cultured CG neurons target tissue for CG neurons, can stimulate the functo TGF␤1, but not TGF␤2 or TGF␤3, caused robust tional expression of macroscopic K Ca in chick CG neustimulation of K Ca . The K Ca stimulatory effects of target rons developing in vitro (Subramony et al., 1996) . This tissue extracts were blocked by a neutralizing panfactor acts at a posttranslational level on preexisting K Ca TGF␤ antiserum but not by specific TGF␤2 or TGF␤3 channels encoded at least in part by the slowpoke (slo) antisera. Intraocular injection of TGF␤1 caused robust gene. The purpose of the present study was to identify stimulation of K Ca , whereas intraocular injection of the K Ca stimulatory factor in iris extracts and to determine pan-TGF␤ antiserum inhibited expression of K Ca in CG whether this factor regulates K Ca expression in CG neuneurons developing in vivo. The effects of TGF␤1 were rons developing in vivo. We now show that this factor potentiated by ␤-neuregulin-1, a differentiation factor is an avian isoform of TGF␤ and that it is essential for expressed in preganglionic neurons.
normal K Ca expression in CG neurons developing in vivo.
In addition, we show that the stimulatory effects of Introduction TGF␤1 are markedly potentiated by ␤-neuregulin-1, a preganglionic nerve terminal-derived factor that also The differentiation of vertebrate neurons is regulated stimulates the functional expression of K Ca in chick CG by inductive interactions with other cell types. These neurons developing in vitro (Subramony and Dryer, interactions are typically mediated by soluble differenti-1997). These observations suggest a model in which the ation factors, which act to regulate cell survival, chemocombined actions of small amounts of nerve terminalsensitivity, choice of neurotransmitter, and other phenoderived ␤-neuregulin-1 and target-derived TGF␤ are retypic traits. An important property of fully differentiated quired for the functional expression of macroscopic K Ca . neurons is their intrinsic electrophysiological phenotype, which plays a direct role in the transmission of , 1996) . A clue to it is important to examine the factors that regulate the the identity of the active factor emerged from the obserexpression of these channels during embryonic develvation that K Ca stimulatory activity was enhanced in iris opment. extracts previously exposed to acidic (pH 3.0 for 1 hr) The developmental expression of macroscopic K Ca or alkaline (pH 8.0 for 2 hr) conditions prior to application of chick ciliary ganglion (CG) neurons is regulated by to cultured cells (data not shown). These observations cell-cell interactions. This current is first detectable at suggested that the K Ca stimulatory factor in the iris is embryonic day 8-9 (E8-E9) and reaches maximum curexpressed in a latent form that can be activated by rent density by E13 (Dourado and Dryer, 1992), coincidextremes of pH. , 1996) . The stimulatory effects of 12 hr exposure to 1 nM TGF␤1 were also observed in culture neurons and channel activity was observed during exposure of the cytoplasmic face of the patch membrane to media containing 0.1 mg/ml of the translational inhibitor anisomycin ( Figure 1B) , a high concentration that we 5 M free Ca 2ϩ . In these experiments, pipette solutions contained 37.5 mM KCl, the bath saline contained 150 have previously shown to inhibit Ͼ98% of the incorporation of labeled amino acids into new proteins (SubramM KCl, and the patches were held at ϩ25 mV throughout most of the experiment. Note that these ionic gradimony et al., 1996). This indicates that the stimulatory effects of TGF␤1 are posttranslational, i.e., they are exents are different from those used in previous studies from our laboratory (Dryer, 1991; Dryer et al., 1991; Suerted on preexisting K Ca channels. In contrast, 12 hr treatment of E9 CG neurons with 1 nM or 5 nM TGF␤2 bramony and Dryer, 1997) and caused the unitary conductances of large-conductance K Ca channels in the or TGF␤3 did not produce a significant stimulation of macroscopic K Ca compared to controls cultured in the present study to be lower than those described previously, as expected from constant-field considerations. absence of factor ( Figure 1C) . Culturing CG neurons with 1 nM TGF␤1 had no effect on the amplitude or density Patches from control E9 CG neurons were quiescent upon excision into Ca by an isoform of TGF␤, then one would expect these effects to be inhibited by neutralizing antibodies ditreated cells, and 0.100 Ϯ 0.018 in iris extract-treated cells (mean Ϯ SEM, p Ͼ 0.05, one-way ANOVA). Further, rected against those growth factors. That proved to be the case. Aliquots of iris extracts were treated overnight no significant effect was observed on mean burst duration (data not shown). These channels reversed close at 4ЊC with a commercially available neutralizing antiserum directed against TGF␤. The technical specifications to the calculated E K (Ϫ35 mV) in all of the patches where they were present, and gating of the K Ca channels was of the antiserum indicate approximately equivalent reactivity against TGF␤1, TGF␤2, and TGF␤3 but no detectvoltage dependent ( Figure 2C ). These results confirm that the effects of TGF␤1 and iris extracts entail some able cross-reactivity with more than 100 other cytokines and growth factors, including several members of the modification of K Ca channels and cannot be attributed to changes in intracellular Ca 2ϩ dynamics or some other TGF␤ superfamily. Control aliquots of the same preparations of iris extracts were kept overnight in the absence indirect effect. of neutralizing antiserum. E9 CG neurons were then cul-3C). In these experiments, CG neurons were isolated at E9 and cultured in the presence of iris extracts, 1 nM tured for 12 hr in the presence or absence of normal iris extracts, in the presence of iris extracts exposed to TGF␤1, or a combination of iris extracts and 1 nM TGF␤1. Control neurons did not receive any factors. The combineutralizing pan-TGF␤ antiserum, or in the presence of neutralizing antiserum in the absence of iris extracts. nation of iris extract and TGF␤1 did not produce stimulation of K Ca that was greater than that evoked by either The functional expression of K Ca was then quantified using whole-cell recordings ( Figure 3A) . As described factor applied in isolation, but K Ca expression in all three treatment groups was significantly (p Ͻ 0.001) greater previously (Subramony et al., 1996), treatment with normal iris extracts caused a robust stimulation of macrothan controls cultured in the absence of factors. scopic K Ca compared to controls. However, iris extracts previously exposed to pan-TGF␤ antiserum did not Intraocular Injection of TGF␤1 Stimulates Functional K Ca Expression in CG evoke a statistically significant stimulation of K Ca . Treatment with pan-TGF␤ antiserum alone had no effect on Neurons Developing In Vivo The experiments described above indicate that TGF␤1 K Ca . These results indicate that some isoform of TGF␤ is a necessary component of the iris extracts.
can stimulate K Ca expression in CG neurons developing in vitro. However, dissociated cell culture is an abnormal In a similar series of experiments, iris extracts were treated overnight with commercially available neutralizenvironment. In particular, cultured CG neurons were exposed to growth factors along their entire surface, ing antisera specific for TGF␤2 and TGF␤3. These antisera have Ͻ5% cross-reactivity with other TGF␤ isoforms whereas during normal in vivo development it is only the axons and nerve terminals that have any contact and no cross-reactivity with other cytokines. Neither of these antisera, alone or combined, had a significant with target tissues. Moreover, the actions of TGF␤ are notoriously dependent on culture conditions (for exameffect on the K Ca stimulatory activity of iris extracts, indicating that these isoforms are not necessary compo- pressed alone were clearly present on the cell surface 
